This study investigates the agreement between two methods used for the assessment of human balance system. Static posturography based on tensometers, using a commercially available platform, is used as the reference method. An alternative approach is a portable prototype MediPost system that utilises inertial sensors developed by the authors. Both approaches determine the movement of the subject's centre of mass, quantifying this movement in terms of angular speed. Data for the evaluation of agreement were obtained from 205 subjects, with each subject simultaneously tested with both methods. During the tests, the subject performed a set of standard procedures involving quiet standing in an upright position. In order to verify the agreement between the evaluated methods, the Bland-Altman, concordance correlation and intraclass correlation coefficients were used. In addition, the trajectories of the centre of gravity were compared. The obtained results show good agreement between the verified methods, even though they are based on different physical phenomena.
I. INTRODUCTION
Inability to keep balance of the body may result from deficiencies in many systems of our organism. Data from the National Ambulatory Medical Care Surveys (NAMCS) from 1999 and 2000 and the National Hospital Ambulatory Medical Care Surveys (NHAMCS) were summed to obtain averaged annual estimates of US healthcare use. Of 979.485 million people reporting to various health centers, 7.443 million patients reported vertigo and dizziness, accounting for 0.8% of visits made during this period [1] . In 2005, Nauhauser published the results of his research, which was based on 4,869 telephone respondents. They show that dizziness occurs in 5% of respondents in the German population [2] . Whilst in Scotland, Hannaford et al., based on their reports on a representation of 15,788 people surveyed, determined the number of dizziness complaints reported at 21% of those respondents [3] . The dizziness and vertigo The associate editor coordinating the review of this manuscript and approving it for publication was Datong Liu . TABLE 1. Distribution of falls -500 falls in 201 people aged 50-90 years [5] . are a part of symptoms and clinical diagnoses of imbalance disorders, which is especially significant problems in an ageing population. Approximately 30% of the population over 65 have experienced episodes of imbalance that could cause increasing incidents of falling [4] . The fall frequency in the elderly population from Sheldon [5] is presented in Table 1 .
Data from epidemiological studies indicated that balance disorders increase the probability of an injurious fall, meaning that the management of balance system disorders in the population is a critical issue [4] - [6] .
Due to the etiological complexity of imbalance and vertigo disorders, highly specialised tests should be carried out to make a diagnosis. Posturography is among the tests used in the battery and is the only one that supplies information regarding the entire balance system.
Force plate posturography is the popular method of balance assessment but is still not normalized. Dynamic posturography and Sensory Organization Test (SOT, NeuroCom R ) protocol is the most accepted. SOT includes 6 conditions: standing on: Force plate static posturography measures only the static conditions which should be completed by dynamic tests for better functional assessment. Inertial sensor gives the opportunity to implement more variable balance tests [8] . Validation of static posturography based on inertial sensors is the first step to develop a set of clinical tests for static and dynamic balance assessment.
Inertial sensors were used in balance assessment for many years. At the beginning there were some problems with low frequency data acquisition [9] . As shown by Schumann et al. postural sway during quiet standing of subjects with vestibular deficits contains a low frequency component between 0.1 and 0.2 Hz not seen in their healthy counter parts [10] . Mancini et al. revealed, that the most important body sways which differentiate Parkinson disease patients from healthy group were observed in low frequency range below 3,5 Hz [11] . But in 2011 Whitney underlined, that using modern accelerometers with appropriate frequency response solves this problem [9] .
There are several papers in which the comparisons between accelerometery and force plate were performed. Whitney et al. [9] estimated the test-retest reliability of the accelerometery during SOT protocol. In healthy subjects they found a significant relationship between the acceleration measured at the pelvis and the centre of pressure under almost all SOT conditions. Variation of path length between the tests they attribute to the age of participants due to the changing strategies of balance in the older adults. Mancini et al. [11] tested the relationships between the accelerometery and COP measurements in patients with Parkinson Disease only for quiet standing with the eyes open and gaze fixed in straight ahead position. The measurements were simultaneous with force plate recordings. They found the same ability of both tests to differentiate healthy from Parkinson patients. Neville et al. compared the accelerometers and posturography recordings in small group of ten young healthy volunteers using own protocol, which to some degree is consistent with mCTSiB [12] . Unfortunately, the conditions with eyes open and closed were performed with the feet close together and with hand on hips, which is not in agreement with original posturographic requirements and may influence the results. Freeman et al. tested the original mCTSiB protocol using accelerometers but compared results to SOT conditions [13] . To the best of our knowledge there is no direct comparison between mCTSiB protocol of static posturography performed on force platform and simultaneous accelerometers recordings.
Regardless of the method used for balance assessment, there are some commonly defined terms. Firstly, balance is defined as the preservation of the vertical projection onto the support area (COG) of the body's centre of mass (COM). The human body is modelled as unity, as an inverted pendulum in which the body is controlled as a single rigid segment that supports a single mass point (COM) [14] .
The most common posturographic measure is the centre of pressure (COP), which is the vector sum of the ground-reaction forces applied to the COM. The pressure is measured using a set of tensometers supporting a rigid platform, on which the subject stands.
The COP and COG are identical only when the body experiences no acceleration, i.e., is either motionless or moving with constant angular speed. In all other circumstances there is a difference related to the body acceleration: at higher sway frequencies of the body (higher accelerations) neuromuscular response to the COG displacement is larger, resulting in a larger distance between these two points [15] . The inverted pendulum model may be used to compute this difference and therefore to determine COG through measurement of COP [14] .
The attractiveness of posturography based on inertial sensors lies in its ability to determine COG without the need for the above mentioned, possibly imprecise, computations. In this case the body is still modelled using the inverted pendulum concept, however, the tilt angle of the pendulum may be directly obtained from the inertial sensor, which allows straightforward and unambiguous computation of COG. This is one of the reasons why posturography based on inertial sensors was developed and becomes more and more popular.
The remainder of this article is organized as follows: Aim of the study is defined in Section II. Section III describes the physical principles of both methods. Section IV presents the concept and methodology of the conducted research. Section V gives precise information regarding the algorithms used. The results, obtained from both methods based on standard approaches to verify the reliability and agreement between them, is described in Section VI. Sections VII and VIII contain the analysis of the results and discussion, and conclusions, respectively.
II. AIM OF THE STUDY
Inertial sensors have already found use in the monitoring of body positions and allow for the introduction of many diagnostic tests, including static posturography.
The main aims of the presented research were to formulate a quantitative method for assessing human balance system that is competitive with static posturography and to verify the agreement between results obtained simultaneously by both methods. The new method uses a portable MediPost system based on inertial sensors. This MediPost system is a prototype, co-developed by the authors of this study. Standard static posturography, as a recognised method in the study of balance disorders, is considered as a reference method. This study is the first step in the standardisation of new methods of balance assessment based on inertial sensors for healthy subjects and patients with damage of the vestibular system. Such standardisation may lead to a wider adoption of the proposed approaches. As they employ portable and cost-efficient hardware, this may widen the scope of balance assessment scenarios, e.g., enabling assessment in telemedicine.
Our study group included subjects in various age and clinical status -to ensure that two measuring methods are comparable for every age, in healthy subjects and patients with peripheral and central vestibular disorders.
III. AVAILABLE MICRO-ELECTRO-MECHANICAL (MEMS)-BASED SOLUTIONS
Inertial sensors are becoming an increasingly more popular balance measuring tool, with most approaches employing a MEMS implementation of sensors [16] - [20] . A solution based on MEMS has already found application in this type of medical research, but it has never been so directly related to the results of static posturography based on tensometers (force platform).
Individual examples also differ in various details that determine the general nature of the solution. For example, as presented in [21] , only an accelerometer is used to measure the postural sway. The lack of a gyroscope and magnetometer limits precision and makes it impossible to analyse rotation of the body.
The solution presented in [22] monitors only the head movement. Head movements are triggered by optical stimulation (induction of nystagmus). Only a three-axis accelerometer is used to monitor head movements.
In comparison to the solution presented in this article, the method described in [23] is a technically similar solution that differs only in the approach to data analysis. The device is not used for diagnostics but for activity monitoring. The projection of the COM is not determined, with only the acceleration directly analysed. Sensors are placed on different parts of the body (including hands). Only the accelerometer and gyroscope are used (without a magnetometer).
The system described in an earlier patent [24] uses only a three-axis accelerometer. The sensor is placed on the chest (hung around the neck). The patient's examination is of a long-term nature and the prediction of falls is determined on the basis of the patient's individual statistics. Data analysis is based mainly on peaks, means and standard deviations of acceleration. This approach is used to recognise the patient's activities, including walking, sitting and standing.
The solution presented by Sienko et al. [25] is an example of a tool designed to correct the patient's tilts by using feedback between the body position (deflection) and the vibrating activator matrix. The device does not have a diagnostic character.
IV. CONCEPT OF THE APPROACH A. DATA SOURCE
Study group comprised of 205 subjects including two subgroups: 166 vestibular patients (U) and 39 healthy volunteers (H). Vestibular patients inclusion criteria were as follows: vertigo and unbalance, signs of central or peripheral damage of vestibular system in clinical examination and videonystagmography tests. The inclusion criteria of healthy subgroup were as follows: no vestibular or balance symptoms; normal results of physical examination and laboratory tests, including caloric test in videonystagmography. The study groups are described in Table 2 . All subjects, recruited by the Audiology Clinic in the Nofer Institute of Occupational Medicine (Łódź, Poland), signed an informed consent form to participate in the study, in accordance with the recommendations of the Bioethics Committee. 
B. PROCESSING PATH 1) TRAJECTORY TEST
In order to compare the compliance of the methods, a preliminary qualitative test was conducted. The subject's task, while standing, was to move in such a way that his or her COG reproduces a predefined shape. The trial was simultaneously recorded by both systems. Because no calibration procedure was performed, the anteroposterior (AP) plane of the sensor may be misaligned with the AP plane of the subject. Consequently, the resulting shapes may differ in rotation, but this difference should not be treated as an error.
2) MODIFIED CLINICAL TEST OF SENSORY INTERACTION ON BALANCE (mCTSiB)
All subjects underwent a static posturography examination using a NeuroCom R Balance Manager R system and simultaneously MediPost. The mCTSIB test protocol was used in this study. The quiet standing in an upright position was performed in four standard tests as described in Section I.
Each test (10 s) was repeated in three trials to give a total of 12 trials. Measurements based on inertial sensors (Medi-Post) employed the device attached at the lumbar level (L 5 ), as shown in Figure 1 . 
C. USED EQUIPMENT 1) POSTUROGRAPH DESCRIPTION AND MEASUREMENT METHODS
NeuroCom R Balance Manager R systems are computerised tools for the assessment and rehabilitation of balance and mobility disorders. During the tests, a long force plate (60'' static dual force plate) and a foam pad (46×46×13 cm) were used. The long force plate performs measurements using four tensometers.
The system provides a standard mCTSIB test, which was used as the reference measurement in the presented research. The mCTSIB protocol consists of four tests (defined in Section B2), which allows the clinician to determine the presence and level of imbalance. The COG deflection is measured as the sway velocity while trying to stand motionless, with a resolution of 0.1 • /s.
2) MEDIPOST DESCRIPTION AND MEASUREMENT METHODS
The focus of the presented research is a MediPost prototype device (Figure 2 ). The device relies on a 3-axis inertial measurement unit (IMU) to determine its orientation in space. The IMU contains micro-electro-mechanical system (MEMS) consisting of an accelerometer, a gyroscope and a magnetometer. This kind of IMU is particularly suitable for measuring low angular speeds (low sway frequencies), as the computation of orientation based on accelerometers does not suffer from accumulated error: at any time, the orientation can be computed as tilt of the IMU relative to the Earth's gravity vector. This contrasts with the purely gyroscopebased solutions, where the orientation is determined through constant integration of the angular speed -which means that even small measurement errors are accumulated over time and may overshadow actual movements.
In order to eliminate high-frequency noise, the IMU data are low-pass filtered, firstly in the device, and secondly in the PC software.
Further features of the designed solution include:
• Rechargeable battery power supply -working on the battery for at least 2 h;
• Wireless communication with a computer (or mobile phone) in the Wi-Fi standard;
• Small weight and size, similar to a matchbox; • An enclosure allowing for quick and stable mounting on the subject's body; The following key system components were selected:
• IMU sensor: LSM9DS1; • Wi-Fi radio unit based on the ESP32 system; • Power supply block based on a TPS63051 voltage converter;
• Li-Po battery charger. Particular attention, due to the conducted research, was devoted to the system's enclosure, ensuring that it can be fit to the body (subject's clothes) in a stable way.
The device is synchronised and controlled by a computer programme. The application connects to a predefined Wi-Fi network and then starts to download data from the MediPost via a defined port. The data package is sent 20 times per second and consists of information taken from all three sensors of the IMU, in three axes (9 values in total).
V. METHODS AND ALGORITHMS A. ALGORITHM TO DETERMINE ANGULAR POSITION
To determine the angular position of the device, the IMU algorithm of Madgwick was chosen [26] . The operation of this algorithm is based on the use of quaternions for the representation of orientation in 3D space. The algorithm was slightly modified and is accessible via contact with the authors.
Based on calculated quaternions, the roll, pitch and yaw angles are determined (Figure 3 ). In the next step, the following values are determined:
• Current angular speed resulting from roll and pitch rotations:
where:
hypot(x, y) = x 2 + y 2 (2) and: pitch and roll are angles, as shown in Figure 3 , i is the time-step number.
• Maximum angular speed resulting from roll and pitch rotations;
• Average angular speed resulting from roll and pitch rotations. Figure 4 presents a simplified scheme showing the principle for determining the coordinates of the projection of the COG. 
VI. RESULTS
The results of the comparison of trajectories are presented in Table 3 . The test gives positive results. The shapes of the obtained trajectories look similar; however, without considering the rotation in the ground plane (it is unnecessary in this type of test).
As noted by Bland and Altman [27] , [28] , in clinical medicine, the measurements performed on the living organism are constantly changing and their real value is unknown. This is why continuous improvement and the creation of new and better tools for measurements is required.
To prove the scientific value of the proposed measurement method, its results were compared with a classic static posturography method. The results coming from 12 trials (4 tests, each repeated in 3 trials) were aggregated and analysed together. It cannot be expected that the new method will give exactly the same results as the one used so far, but it should be checked how much the results differ. To prove that the new method may be used for diagnosis instead of the current one, the absolute difference between the results should be small enough, so that it does not pose a problem in clinical interpretation. Figure 5 shows the dependence of results obtained with both methods. Figure 6 presents results in the form of a Bland-Altman diagram.
VII. DISCUSSION
It can be concluded that the trajectories obtained by both methods (without taking rotation into account) are consistent for each measurement. In this respect, the initial qualitative effect was achieved. In this article, in order to check the agreement between static posturography based on tensometers and Medi-Post (based on inertial sensors), three analysis methods are used, namely, the Bland-Altman, concordance correlation [29] , [30] and intraclass correlation coefficients [31] . Values obtained using these methods are presented in Table 4 .
It should be noted that the literature does not always present a uniform approach regarding threshold values required to pronounce satisfactory agreement. In this respect, interpretation of the Bland-Altman coefficient usually follows the original study [27] , in which 95% is given as a threshold. In contrast, thresholds for the intraclass correlation coefficient (ICC) are more varied, with some authors stating that values above 0.75 mean excellent correlation [32] while others push this threshold up to 0.9 [33] . Similar situation occurs with the concordance correlation coefficient (CCC), where Altman [34] suggests 0.8 as a threshold for ''excellent'', while the commonly cited report by McBride [30] gives a very steep value of 0.99. Regarding the latter, one must remember that the report discussed laboratory analytical tests and their relation to gold standards; in the case of imbalance assessment neither procedures are of analytical precision, nor can the posturography be treated as a gold standard.
Considering the above variations in the interpretation of values, the authors assumed 95%, 0.8 and 0.8 as satisfactory values for the Bland-Altman test, CCC and ICC, respectively. The obtained numbers indicate therefore excellent agreement between the methods.
VIII. CONCLUSION
Both measuring techniques are based on completely different physical principles. In static posturography the dynamic effects related to ground reaction forces generated by a standing body over a quadrilateral support are measured. In MediPost an inertial measurement unit estimates body kinetics to assess the body position while maintaining balance.
In the entire group the agreement between methods is acceptable. Moreover, both in healthy young volunteers and older vestibular patients the results of measuring are concordant, which makes possible using MediPost in subjects with variable age and health status.
The advantages of presented system in relation to the classic static posturographic solution are: -potentially lower cost of the device (due to much smaller size and absence of any mechanical components); -Possibility of using the system in any place (including the patient's home), which allows for continuous monitoring of the rehabilitation process; -Possibility of extending the algorithm with other types of tests (exercises); -Wireless communication and battery power supply.
Thanks to the use of IMU, the device may track more complex body movements than classic posturograph, e.g., rotations or movements involving walking. Moreover, as the device can easily be placed on various body parts, additional analyses can be proposed, such as tracking head movements, observation of leg position and subject rotation. Because the employed Madgwick algorithm combines data from three types of sensors, the results are more accurate than in solutions based solely on accelerometers or gyroscopes.
The presented results show that the MediPost device based on inertial sensors may be used in place of classical posturography based on force plates. Current work includes adapting the MediPost device to dynamic tests that require calibration of the device in order to determine the initial orientation in space. Further work will include studying the repeatability of the presented method and expanding the system towards the use of more sensors and the evaluation of more diagnostic tests (exercises).
